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The role of p300 in DNA damage response is unclear. To understand how ATM-dependent phosphor-
ylation of p300 affects its function in response to DNA damage, we present evidence that S106 of
p300, which is phosphorylated by ATM, regulates stability of NBS1 and recruitment into damaged
DNA, possibly leading to regulation of DNA repair. Non-phosphorylatable p300 (S106A) destabilized
NBS1 and decreased NBS1–p300 interaction. The recruitment of NBS1 into damaged DNA was
impaired in the presence of S106A. Also, a dominant negative p300 lacking enzymatic activity
induced destabilization of NBS1, suggesting that its acetyltransferase is required for NBS1 stability.
These results indicate that phosphorylation of p300 can regulate NBS1-mediated DNA damage
response, and that these events occur in an acetylation-dependent manner.
Structured summary:
MINT-8058074, MINT-8058083: p300 (uniprotkb:Q09472) physically interacts (MI:0915) with NBS1
(uniprotkb:O60934) by anti bait coimmunoprecipitation (MI:0006)
MINT-8058111: p300 (uniprotkb:Q09472) and NBS1 (uniprotkb:O60934) colocalize (MI:0403) by ﬂuores-
cence microscopy (MI:0416)
MINT-8058657: p300 (uniprotkb:Q09472) physically interacts (MI:0915) with NBS1 (uniprotkb:O60934)
by two hybrid (MI:0018)
MINT-8058093: p300 (uniprotkb:Q09472) physically interacts (MI:0915) with NBS1 (uniprotkb:O60934)
by anti tag coimmunoprecipitation (MI:0007)
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
p300 is a KIX- and Bromo-domain-containing acetyltransferase
that plays an important role in gene expression regulation, and
which has been implicated in transcriptional responses to various
extracellular and intracellular signals with chromatin remodeling
[1]. The protein carries out its functions by activating transcription
as a non-DNA-binding transcriptional coactivator, interacting with
transcriptional activators as well as repressors containing
DNA-binding domains. p300 interacts with a variety of transcrip-
tional factors, including E1A, BRCA1, ERa, PPAR, PAX6, STAT3,
RAR-related orphan receptor a, E2F1, and MyoD [1–5]. These inter-
actions link histone acetyltransferase of p300 with regulation of
transcription via chromatin remodeling.chemical Societies. Published by E
olecular Science and Tech-
onchun-dong San 5, Suwon
cience, College of Pharmacy,p300 can impinge on most cellular processes and programs,
including growth, proliferation, development, terminal differentia-
tion, p53-mediated apoptosis, and growth suppression of cancer-
ous tumors [1,6]. Underlining the important and indispensible
physiological roles of p300 in human, some cases of Rubinstein-
Taybi syndrome have heterozygous mutations in the p300 gene
[6]. Rarely, chromosomal rearrangements involving chromosome
22 containing the p300 gene have been associated with acute mye-
loid leukemia [7]. Also, somatic mutations in the p300 gene have
been identiﬁed in several other types of cancer, including cancers
of the colon and rectum, stomach, breast and pancreas [7]. The col-
lective data clearly implicates p300 in the control of growth and
division, and inhibition of cancer development.
Depletion of p300 induces mitotic catastrophe in the absence of
DNA damage [8] and a defect in cell cycle checkpoint and DNA
damage signal transduction [9]. Thus, p300 can play regulatory
roles in a variety of cellular processes that maintain genomic and
chromosomal integrity in acetylation-dependent or -independent
ways in response to DNA damage.
Nijmegen breakage syndrome (NBS) is an autosomal recessive
hereditary disorder characterized by microcephaly, a ‘‘bird-like’’lsevier B.V. All rights reserved.
Fig. 1. p300 induces acetylation of NBS1 in response to DNA damage. (A) ATM
mediates phosphorylation of S106 in p300, upon DNA damaging. Using antibody
against p300-phospho-S106 the level of phosphorylated p300 at S106 was analyzed
in ATM+ and ATM cells that were treated with c-irradiation. ATM-phospho-S1981
was used as a surrogate marker of the DNA damage treatment. The ATM+ and ATM
cells were exposed to c-irradiation at the dose of 5 Gy and cells were harvested
following 1 h recovery. The amount of a-tubulin protein is shown as a quantitative
control. (B) The phosphorylation of p300 and acetyltransferase activity of p300 are
required for stabilization of NBS1, following DNA damage. Following 12 h after
transfection with HA-tagged wild-type (WT), acetyltransferase dominant negative
DY, or unphosphorylatable S106A mutant, 293T cells were exposed to 20 lM
etoposide (eto) for 16 h (+). Immunoblotting of NBS1 and p300 was performed
using anti-NBS1 (NBS1) and -HA (HA-p300) antibodies, respectively. a-Tubulin
was used as a loading control. (C) Immunoblotting of acetylated NBS1 with anti-
acetyl-lysine antibody in anti-NBS1 immunoprecipitates. NBS1 proteins were
immunoprecipitated with anti-NBS1 antibody using extracts from the cells
transfected with wild-type of HA-p300 (WT) or empty HA-pcDNA3.1 (empty)
vector. (D) Acetyltransferase-dependent acetylation of NBS1. Following transfection
of 293T cells with wild-type HA-p300 or DY HA-p300 mutant, immunoprecipita-
tions were performed with anti-NBS1 (IP: NBS1) or acetyl-lysine (IP: Ac-K), and
immunoblotting was preformed with anti-Ac-K or anti-NBS1. (E) Following
treatment of 293T cells with etoposide (+) or not (), NBS1 was detected in the
anti-acetyl-K immunoprecipitates.
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radiosensitivity, chromosomal instability, and predisposition to
cancer [10]. NBS1 is a key regulator of the Mre11–Rad50–NBS1
complex (MRN) [11], which plays important roles in the early pro-
cessing of double strand breaks via DNA binding and nuclease
activity for broken DNA molecules [12,13]. NBS1 is phosphorylated
by ataxia telangiectasia mutated (ATM) and the phosphorylation is
responsible for intra-S phase checkpoint control and telomere
maintenance after DNA damage [14].
Our previous ﬁndings that ATM–p300 pathway is activated and
the activated p300 induces stabilization of itself p300 and NBS pro-
teins following DNA damage [15] have led to the suggestion that
p300 can function in maintaining genomic integrity as part of
DNA damage response. The overlapping phenotypes of p300 muta-
tions that include reduced level of p300 and an unphosphorylat-
able type of p300, which reduce the levels of p300 and NBS1
may be an indication that p300 can participate in the DNA damage
response of NBS1, such as DNA repair.
The present study examined the molecular mechanisms under-
lying p300 regulation of NBS1 stability and the regulation of
NBS1-mediated DNA damage repair. The results demonstrate that
p300 interacts with NBS1 and that the efﬁcient interaction of p300
with NBS1 requires ATM-mediated phosphorylation of S106 in
p300. Also, stabilization of NBS1 requires ATM-mediated phosphor-
ylation and acetyltransferase activities of p300. Finally, the efﬁcient
recruitment of NBS1 into damaged DNA is dependent on the ATM-
mediated phosphorylation of p300. Collectively, the data indicate
that p300 is phosphorylated by ATM in response to DNA damage,
inducing NBS1 stability, leading to enhanced DNA damage repair.
This work clearly indicates that the roles of p300 in DNA damage re-
sponse and in regulation of DNA damage repair are related.
2. Materials and methods
2.1. Cell cultures
HeLa, 293T, and U2OS cells were grown in DMEM supple-
mented with 10% fetal bovine serum (FBS; Hyclone, Logan, UT,
USA) in humid incubators at 5% CO2 and 37 C. AT22IJE pEBS7
(ATM) and AT22IJE pEBS7-YZ5 (ATM+) cells (gifts from Dr. Yossi
Shiloh) were cultured in DMEM supplemented with 100 lg/ml
hygromycin B and 15% FBS.
2.2. Plasmid constructs
For the mammalian two-hybrid assay, plasmids were con-
structed as follows. To construct pG4-p300 (four overlapping
p300 cDNA fragments encoding amino acids 1–700, 600–1200,
1000–1700, and 1600–2376), the BglII/EcoRI and HindIII fragments
from pCMV-p300 were fused in-frame to the Gal4 DNA binding do-
main sequence of pM vector (Clontech, Mountain View, CA, USA).
The expression vector containing the VP16 activation domain for
NBS1 was constructed by subcloning BamHI/XbaI fragment of
full-length NBS1 into pVP16 (Clontech).
2.3. Site-directed mutagenesis
The expression vectors pcDNA-HA-p300-D1399Y (HA-DY) and
pG4-p300 (1–700)-S106A were generated by PCR mediated site-
directed mutagenesis using the QuickChange Site-directed
Mutagenesis Kit (Stratagene) and veriﬁed by DNA sequencing.
2.4. Luciferase activity assay
The Gal4 reporter G5E1b-luciferase has been described
previously [16]. 293T cells were cotransfected with 1–200 ng ofpG4-p300 (full-length, 1–700, 600–1200, 1000–1700, 1600–
2376) and pVP16-NBS1, in addition to 20 ng G5E1b-luciferase re-
porter and 2 ng pRL CMV (Promega, Madison, WI, USA) to control
for transfection efﬁciency. Luciferase activity was standardized
against the transfection efﬁciency for each sample. Transfections
were performed in quadruplicate with the Effectene transfection
kit (Qiagen, Valencia, CA, USA). At 1 day after transfection, cells
were incubated for another 24 h with or without 20 lM etoposide
(Sigma–Aldrich, St. Louis, MO, USA) before being harvested and
assayed using the Dual Luciferase Reporter Assay (Promega).
2.5. Immunoblotting, immunoprecipitation, and immunoﬂuorescence
confocal analysis
For immunoblotting, cells were lysed in lysis buffer containing
17 mM Tris, pH 8.0, 50 mM NaCl, 0.3% Triton X-100 and a protease
inhibitor cocktail tablet (Boehringer Mannheim). Speciﬁc proteins
were detected using the following primary antibodies: HA (COV-
ANCE), Acetyl-K (Abcam and Cell Signaling), p300 (CALBIOCHEM
and Upstate), NBS1 (NOVUS and Upstate), MRE11 (NOVUS), Rad50
(Upstate), phospho-p300 at Serine 106 (p300-phospho-S106) [15],
E.R. Jang et al. / FEBS Letters 585 (2011) 47–52 49and phospho-ATM at Serine 1981 (ATM-phospho-S1981) (Rock-
land). Immunoreactive bandswere normalized to that of the control
b-actin (Santa Cruz Biotechnology) band. For immunoprecipitation,
anti-p300 agarose conjugate (SANTA CRUZ), anti-Nbs1 (Upstate),
and anti-HA agarose conjugate (SIGMA) antibodies were used.
Immunoprecipitation and immunoﬂuorescence were performed
and analyzed as described in the previous work [15].
2.6. Linear double-stranded DNA-associated protein pulldown assay
The assay was performed as previously described with some
modiﬁcation [17]. Biotinylated 2 kb dsDNA generated by PCR
ampliﬁcation of pcDNA3.1 with biotinylated T7 primer and reverse
primer was immunobilized on streptavidin paramagnetic beads
(Dynabeads M-280; Invitrogen, Carlsbad, CA, USA) according to
the manufacturer’s instructions. Immunobilized double-stranded
DNA (dsDNA, 0.3 lg) was mixed with extracts of 293T cells trans-
fected with HA-WT or HA-S106A, incubated. Beads were washed
with ice-cold buffer (10 mM Tris at pH 7.6, 100 mM NaCl). Proteins
associated with dsDNA were analyzed by immunoblotting with
anti-NBS1 and RAD50 antibodies.3. Results
3.1. Acetyltransferase activity and phosphorylation of p300 is required
for stabilization of NBS1
ATM can phosphorylate p300 at S106 in response to DNA dam-
ages and p300 is necessary for the stability of NBS1 proteins [15].
Thus, we conﬁrmed that phosphorylation of S106 in p300 was in-
duced by c-irradiation, in the ATM-dependent manner (Fig. 1A).Fig. 2. Interaction of p300 with NBS1. (A and B) Coimmunoprecipitation between p300
immunoprecipitated with anti-p300 (IP: p300, A) or anti-NBS1 (IP: NBS1, B). Coimmuno
(A) or anti-p300 (B) antibody. (C) Determination of regions of p300 interacting with NB
recombinant Gal4-p300 overlapped fragments as the DNA binding protein as indicated is
Luciferase activity was measured for monitoring interaction. The luciferase activity of thNext, we investigated whether ATM-mediated phosphorylation of
S106 in p300 (Fig. 1A) could be linked to stabilization of NBS1
proteins. First, the level of NBS1 was analyzed in the presence of
wild-type or unphosphorylatable S106A p300 (Fig. 1B). S106A
p300 mutant had little effect on the level of NBS1 protein upon
DNA damage, while wild-type p300 induced the increased produc-
tion of NBS1 following etoposide treatment. This observation
supports the previous report that phosphorylation of p300 by
ATM is important for the stabilization of p300 upon DNA damage
[15].
The effect of acetyltransferase activity of p300 on the stabiliza-
tion of NBS1 proteins was assessed, to better understand the role of
p300 and its phosphorylation and acetyltransferase activity in the
stability of NBS1. The experiment was done using a dominant neg-
ative p300 DY mutant, in which aspartic acid at position 1399
within the histone acetyltransferase domain is substituted with
tyrosine residues, blunting acetyltransferase activity [18]. The
p300 DY mutant was unable to stabilize NBS1 after etoposide
treatment when compared with wild-type p300 (Fig. 1B). These
data from observations with unphosphorylatable (S106A) and
dominant negative (DY) p300 suggest that phosphorylation and
its acetyltransferase activity play a critical role in stabilization of
NBS1 proteins upon DNA damaging (Fig. 1B).
Next, we examined whether NBS1 could be acetylated and if so,
whether acetylation could be induced by acetyltransferase activity
of p300. To do this, acetylated NBS1 was probed for in anti-NBS1
immunoprecipitates using antibody speciﬁc to acetylated-lysine
(Ac-K). In the presence of ectopically overexpressed p300 (WT),
the detectable level of proteins containing acetylated-lysine was
augmented in the immunoprecipitated NBS1 proteins (Fig. 1C),
indicating that p300 could induce acetylation of NBS1. To further
investigate whether acetyltransferase activity of p300 wasand NBS1 in the presence (+) or absence () of etoposide. NBS1–p300 complex was
precipitated NBS1 (A) or p300 (B) was detected by immunoblotting with anti-NBS1
S1. The activity of the Gal4-luciferase reporter in 293T cells in the presence of four
shown, following coexpression of NBS1-Vp16 protein with Gal4-luciferase reporter.
e sample with no NBS1-VP16 was arbitrarily set to one.
Fig. 3. DNA damage induces the interaction of p300 with NBS1. (A) The experiment
in Fig. 2C was repeated in the presence (white) or absence (black) of etoposide
following transfection of 293T cells with wild-type or S106A mutant of Gal4-
p300(1–700). Two-hybrid assay was conducted in 293T cells where the Gal4 reporter
pG5-luc was introduced together with expression vectors pG4 encoding either pG4-
p300(1–700) or pG4-p300(1–700)-S106A, in the presence of either empty vector () or
NBS1-VP16 (+). Following transfection, the cells were incubated without or with
20 lM etoposide for 16 h. Cell extracts were prepared and used for a luciferase
assay. The luciferase activity of the control sample without etoposide was
arbitrarily set to one. (B) Coimmunoprecipitation between NBS1 and the different
forms, wild-type (WT) and unphosphorylatable (S106A) mutant of HA-tagged p300
before () and after (+) etoposide treatment. 293T cells were transfected with HA-
p300-WT or -S106A. Immunoprecipitations with HA antibody were immuno-
blotted with antibodies speciﬁc for the protein indicated (: untreated, +:
etoposide-treated).
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sured in NBS1 immunoprecipitates and the level of NBS1 was
determined in the acetyl-lysine immunoprecipitates from cellular
extracts expressing either wild-type or dominant negative DY mu-
tant of p300. The level of acetylated NBS1 detected in the cellular
extracts in the presence of wild-type p300 was higher, compared
with that in the presence of DY type (Fig. 1D). Furthermore, acety-
lated NBS1 was induced by treatment of cells with etoposide
(Fig. 1E), indicating that DNA damage induces acetylation of
NBS1. Together, these ﬁnding support the suggestion that p300
regulates NBS1 stability via its acetyltransferase activity and that
the phosphorylation of p300 is required for stabilization of NBS1.
3.2. p300 interacts with NBS1
To understand the mechanism(s) by which p300 might regulate
NBS1 stability, we examined whether p300 interacted with NBS1.
Immunoprecipitation of endogenous p300 from untreated and eto-
poside-treated cells co-puriﬁed NBS1 proteins (Fig. 2A). p300
coimmunoprecipitated in the NBS1 immunoprecipitate in the ab-
sence and presence of etoposide (Fig. 2B). In addition, the level of
coimmunoprecipitated p300 was signiﬁcantly enhanced when
treated with etoposide, compared with that without etoposide
treatment (Fig. 2B). Together, these coimmunoprecipitation results
suggest that p300 can be associated with NBS1 and its association
with NBS1 is induced upon DNA damaging.
To determine the region in p300 required for the interaction
with NBS1, a mammalian two-hybrid assay was performed using
four overlapping p300 truncated fragments as bait (1–700, 600–
1200, 1000–1700, and 1600–2376) fused to the Gal4 DNA binding
domain (Fig. 2C). As G4-p3001–700 efﬁciently activated the Gal4 re-
porter hooked to luciferase activity (Gal4-Luc) when NBS1-VP16
was coexpressed (Fig. 2C), the interaction domain in p300 for
NBS1 was mapped to a N-terminal region within residue 1–700,
indicating the requirement of the N-terminus of p300 for binding
to NBS1. Also, the interaction of the N-terminal region in p300 with
NBS1 was induced by approximately 5-fold, following etoposide
treatment. Consistent with the coimmunoprecipitation results,
these mammalian two hybrid data supported the suggestion that
p300 is associated with NBS1.
Next, the effect of phosphorylation of S106 on the interaction of
p300 with NBS1 was assessed. To do this, the mammalian two-
hybrid assay was performed using G4-p3001–700 (S106A) in the ab-
sence or presence of DNA damage. G4-p3001–700 (wild-type) could
interact with NBS1 but G4-p3001–700 (S106A) did not appear to
interact with NBS1 (Fig. 3A). Following etoposide treatment, the
interaction of wild-type G4-p3001–700 with NBS1 was enhanced
by approximately 5-fold (Fig. 3A). However, interaction of
G4-p3001–700 (S106A) was only slightly increased by approxi-
mately 1.8-fold in the presence of etoposide (Fig. 3A). These data
indicate that DNA damage induces association of p300 with
NBS1, and that S106 of p300 is required for efﬁcient interaction
with NBS1.
To further examine the role of S106 in the interaction of p300
with NBS1, coimmunoprecipitation experiments were performed
using cellular extracts expressing wild-type or S106A mutant
p300. S106Amutant was incompetent to stabilize NBS1 in the pres-
ence of etoposide when compared with wild-type p300 (Fig. 3B). In
contrast, the stability of the other MRN complex proteins (MRE11
and RAD50) was not affected by phosphorylation of p300
(Fig. 3B). Next, the interaction of NBS1 with wild-type and S106A
p300 was examined. Following DNA damage, the levels of NBS1 de-
tected in the both wild-type and S106A p300-immunoprecipitates
were increased (Fig. 3B). However, the level of NBS1 interacting
withwild-type p300was higher than that with unphosphorylatable
S106A mutant p300 (Fig. 3B). The level of interaction of NBS1 withwild-type p300 in the absence of DNA damage was similar to that
with unphosphorylatable S106A mutant in the presence of DNA
damage (Fig. 3B). These coimmunoprecipitation results were con-
cordant with the mammalian two hybrid (Fig. 3A), supporting the
importance of S106 for interaction of p300 with NBS1.
3.3. Phosphorylation of S106 in p300 plays a role in recruitment of
NBS1 into double-stranded DNA
To further conﬁrm the role of phosphorylation of p300 in stabil-
ization of NBS1, immunoﬂuorescence staining using a confocal
microscopy study was performed. Concordant with the coimmuno-
precipitation and mammalian two hybrid data, p300 protein was
colocalized with endogenous NBS1 before and after exposure to
c-radiation (Fig. 4A). Also, wild-type p300 caused NBS1 proteins
to be stabilized (Fig. 4A). Before c-radiation, endogenous NBS1 ap-
peared to be destabilized in the presence of S106A p300 (Fig. 4A).
Upon c-radiation, NBS1 was rarely detectable in the presence of
S106A p300 (Fig. 4A), indicating the requirement of phosphoryla-
tion of p300 at S106 for the stability of NBS1 following DNA dam-
age. The importance of acetyltransferase activity of p300 for the
stability of NBS1 upon DNA damage was explored using the
dominant negative p300 DY mutant. Expression of DY p300 caused
NBS1 to be destabilized before and after c-radiation (Fig. 4A), in a
similar manner observed in cells expressing S106A p300. Together,
these ﬁndings indicate that acetyltransferase activity of p300 and
Fig. 4. Phosphorylation of p300 and its acetyltransferase activity induces stabilization of NBS1 and its recruitment into linear dsDNA. (A) Confocal analysis of the levels of
endogenous NBS1 in 293T cells expressing HA-tagged wild-type (WT), unphosphorylatable S106A (S106A), or dominant negative acetyltransferase-deﬁcient mutant (DY)
type of p300, before and after c-irradiation at 12 Gy. (B) Linear dsDNA-associated proteins in the nuclear extracts. Using HA-WT, -S106A, transfected 293T cells were treated
with etoposide for the indicated times and nuclear extracts were prepared. The protein levels of NBS1 and Rad50 in the dsDNA pulldown sample or in the whole nuclear
extract input were analyzed by immunoblotting.
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regard to DNA damage.
The next experiment assessed whether the phosphorylation-
strengthened interaction of p300 with NBS1 was linked to DNA
damage repair. Recruitment of NBS1 into dsDNA was monitored
in the presence of wild-type or S106A mutant p300. Recruitment
in the presence of wild-type p300 was comparable to that in the
presence of S106A mutant before DNA damage (Fig. 4B). In con-
trast, recruitment in the presence of wild-type p300 was higher
than that in the presence of mutant S106A p300 after DNA damage.
The results indicate that the phosphorylation of p300 by ATM may
functionally interplay with repair of NBS1 via enhanced recruit-
ment into damaged DNA.
4. Discussion
Checkpoint signal pathways are activated to induce a variety of
DNA damage cellular responses, when cells encounter environ-
mental or cellular genotoxic stresses. The ATM-mediated signal
transduction pathway is a surrogate checkpoint pathway for di-
verse ATM-dependent responses, including DNA repair, cell cycle
checkpoint, transcription, and apoptosis [19]. As demonstrated in
the previous work [15], ATM can transduce DNA damage signal
to p300 and the activated p300 by an ATM-mediated signal path-
way, thereby playing a role in DNA damage response through the
stabilization of NBS1, the surrogate homologous repair protein.The present results add to the understanding of functions of
p300 in mediating and linking DNA damage signal to DNA repair.
Several lines of experimental evidence in the present study sup-
port the idea that stability of NBS1 is upregulated by the ATM–p300
pathway in a phosphorylation–acetylation linked manner. Firstly,
expression of wild-type p300 led to the increased levels of NBS1
(Fig. 1B) and acetylated NBS1 (Fig. 1C), in response to DNA damage
(Fig. 1A). In contrast, unphosphorylatable S106A or dominant nega-
tive DY p300 had little effect on the level of NBS1 (Fig. 1A) and acet-
ylated NBS1 (Fig. 1D and E) upon DNA damage. Secondly, p300
interacted with NBS1 via transactivation domain of p300 (1–700)
including the ATM-mediated phosphorylation site (S106) and KIX
domain, which interacts with CREB protein (Fig. 2). Thirdly, DNA
damage induced the interaction between p300 and NBS1 (Fig. 3).
The disruption of ATM-dependent phosphorylation site (S106A)
alleviated interaction of p300 with NBS1, without regard to DNA
damage (Fig. 3), suggesting that S106 of p300 is required for the
p300–NBS1 interaction. Fourthly, unphosphorylatable S106A
(Fig. 4A) or the dominant negative mutant DY p300 was unable to
stabilize NBS1, in contrast to wild-type p300. The results provide
support for the notion that phosphorylation and acetyltransferase
activity of p300 are involved in the stabilization of NBS1 proteins
in response to DNA damage. Finally, unphosphorylatable S106A
p300 led to the reduced recruitment of NBS1 into linear dsDNA,
compared with that in the presence of wild-type p300 (Fig. 4B).
The collective results strongly suggest that the ATM-mediated
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and sequential recruitment of NBS1 into the damage DNA sites,
and its acetyltransferase activity is required for the NBS1 stability.
The interaction domain of p300 with NBS1 included the ATM-
mediated phosphorylation S106 (Figs. 2 and 3) and phosphoryla-
tion of amino acid S106 residue was important for the interaction
with NBS1 (Fig. 2) and stabilization of NBS1 (Figs. 3 and 4). How-
ever, the acetyltransferase domain of p300 was not implicated
with the interaction with NBS1, but this acetyltransferase activity
was necessary for stabilization of NBS1. Expression of wild-type,
but not DY dominant negative, p300 induced acetylation of NBS1.
Together with stabilization and acetylation data, this physical
interaction of p300 and NBS1 is consistent with the hypothesis that
p300 interacts with NBS1 and sequentially acetylates it, in an ATM-
mediated phosphorylation-dependent manner, upon DNA damage.
Furthermore, the ATM-mediated phosphorylation of S106 in p300
can functionally interplay with DNA repair. When compared with
wild-type p300, the recruitment of NBS1 at linear dsDNA was sig-
niﬁcantly reduced in the presence of S106A, supporting the view
that the ATM-activated phosphorylation of S106 is implicated in
the recruitment of NBS1 into the site of DNA damage.
Taken together, these data imply that the phosphorylation–
acetylation mediated by ATM–p300–NBS1 checkpoint pathway
can regulate acetylation of repair NBS1 protein and can also induce
open chromatin structure at the damaged DNA via acetylation of
histones. Consequently, the ATM–p300–NBS1 pathway links
chromatin remodeling to DNA damage repair via p300-mediated
acetylation in a phosphorylation-dependent manner (i.e. ATM-
dependency). Interestingly, p300 forms a physical functional
complex with thymine DNA glycosylase, directly linking chromatin
modifying activity and DNA repair [20]. Consistent with this previ-
ous report, NBS1 was presently shown to be involved in ATM sig-
naling and DNA repair can be targeted to p300-mediated
signaling via interaction and acetylation. Although the sequence
or priority order between acetyltransferase activity and phosphor-
ylation of p300 was not determined, phosphorylation of p300 and
acetylation by p300 may functionally interact in a NBS1-mediated
DNA damage response.
The interaction domain of p300 was subject to ATM-activated
phosphorylation, suggesting dual functions of the N-terminal of
p300 (i.e. DNA damage signaling and interaction with NBS1) in the
DNA damage response. Indeed, the N-terminal region of p300 has
been implicated in chromosomal translocations [7] resulting in car-
cinogenesis, supporting the importance of the N-terminal of p300 in
DNA damage response. Also, the serine 106 phosphorylation site of
the 1–240 region is conserved in other organisms, including Mus
musculus, Mucaca mulatta, Pan troglodytes, and Rattus norvegicus
(Supplementary Fig. 1A). CBP, which belongs to same family of his-
tone acetyltransferase and coactivator, has a similar structure,
showing signiﬁcant conserved amino acid sequence homology and
functional similarity. The proteins exhibit some functional overlap,
but different functions. In this regard, the serine 106 residue of
p300 is speciﬁc to p300, despite similar structure and functional
homologybetweenp300 andCBP (Supplementary Fig. 1B). Also, this
ATM-substrate consensusmotif of p300 is conserved, but is not gen-
eral to other histone acetyltransferases, including CBP and p300/
CBP-associated factor. These ﬁndings imply that ATM-mediated
phosphorylation of S106 in p300 bestows unique function and
mechanism for p300 in DNA damage response.
5. Conclusions
The present study adds to our understanding of a novel DNA
damage checkpoint signal pathway mediated by ATM and p300in the coordinated phosphorylation–acetylation-dependent man-
ner. In addition, p300’s function in DNA damage response may
have implications for mediator in DNA damage checkpoint signal
pathway via regulation of DNA repair.Acknowledgements
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